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ABSTRACT
Two-photon interference effects have been examined extensively from the simple Hong-Ou-Mandel interference in a beamsplitter
to complex interferences in multiport devices. Their applications range from bell state measurements to linear optical networks,
and it is crucial when using photons in quantum information science and quantum foundations. Here, we demonstrate
two-photon interferences between multiple spatial modes using a spatial mode multiport, which is capable of implementing
any spatial mode unitary. Besides being able to implement the spatial mode analogue of Hong-Ou-Mandel interference
in a beamsplitter, we also demonstrate the potential of our scheme by measuring coalescence and anti-coalescence with
superposition inputs, in different three and four-dimensional multiports. One of the key benefits of our device is the operation
along a single beam-line, which lifts the requirement for interferometric stability and opens up the possibility of implementing
larger optical networks for complex quantum information tasks.
Two-photon interference in a beamsplitter, the so-called Hong-
Ou-Mandel (HOM) interference1, is one of the most important
effects in photonic quantum information science2. Specif-
ically, HOM interference corresponds to photon bunching
when two indistinguishable photons are sent into a beamsplit-
ter from separate inputs. Its applications range from quantum
computing3, to quantum cryptography4 and from repeaters5
to optical sensing6, as well as quantum foundation7. Due to
its importance it has been studied with photons from different
sources8, 9 and in different degrees of freedom (DOF)10–12.
Domains that allow encoding of high-dimensional quantum
states, such as path, spatial, spectral, and temporal DOF, have
attracted a lot of attention as they can be used to implement
schemes with multiple input and output ports, i.e. multi-
ports. Such linear optical networks are of utmost importance
in performing increasingly complex photonic quantum com-
putations based on the interference between two or more
photons13–17.
Here, transverse-spatial modes, i.e. propagation invariant
photon structure that discretize the transverse-spatial electro-
magnetic field, comprise a popular DOF for encoding high-
dimensional quantum states18. One of the most popular fam-
ilies of spatial modes is the Laguerre-Gaussian (LG) mode
family, which is a set of cylindrically symmetric photon struc-
tures. These LG modes are defined by two quantum numbers,
` and p, which describe the photons azimuthal and radial
structures, respectively. Quantum states encoded into spatial
structures have been used in various quantum information
demonstrations18, which often take advantage of two key ben-
efits of spatial modes. Firstly, there are technologies available
for generating and detecting any high-dimensional superpo-
sition state, and secondly, the phase stability of complex su-
perposition states is naturally ensured through only a single
beam path being required. Despite these benefits and the vari-
ous applications of structured photons in quantum optics, no
HOM-interference, only within the spatial mode DOF, has
been demonstrated thus far.
In this article, we demonstrate two-photon interferences in
a spatial mode multiport, that only require a single optical
path. We use the technique of multi-plane light conversion
(MPLC)19 to build a programmable, high-dimensional mul-
tiport and observe different interferences between two struc-
tured photons. We first implement the spatial mode analogue
of a beamsplitter, with which we are able to demonstrate a
HOM-interference verified by a bunching of photon pairs into
the same spatial mode. Using the same setup, we then study
various two-photon interferences in multiports with up to four
input and output ports, realized by four orthogonal spatial
modes. Moreover, we take advantage of the ability to send
photons into the multiport in complex superposition states and
observe both coalescence and anti-coalescence of photons in
a multiport with only three input and output modes. Finally,
we show that we can use the mutliport’s internal phases to
control the quantum interference. Thus, we demonstrate that
a fully controllable spatial mode multiport can be seen as a
potential candidate for advanced quantum information tasks,
relying on high-dimensional linear optical networks.
Two-dimensional multiport
At first, we focus on a direct analogue to the original HOM-
interference, i.e. two-photon interference in a two-input and
two-output device or a 2D-multiport. In the conventional
HOM-interference, a balanced beamsplitter redirects the pho-
tons into the two output ports with equal probability. Two
photons can now be brought to interference if one photon
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Figure 1. Conceptual sketch of two-photon interference. a) Conventional HOM-interference in a regular beamsplitter
between two paths. b) The spatial mode analogue along a single path, implemented by a 2D-multiport (“modesplitter")
performing a unitary transformation Uˆ2 between two spatial modes (depicted as orbital angular momentum carrying
donut modes with opposite helical phase). c) Extension of the scheme to high-dimensional multiports performing
arbitrary unitary operations Uˆi that can involve any spatial mode structure.
is sent into each input port. While in general, four differ-
ent output situations are possible, if both of the photons are
identical, i.e. perfectly overlapping in polarization, space,
and time, only two possibilities will remain after interference.
Specifically, both photons exit the beamsplitter from the same
output port, see figure 1a). This bunching of the photons into
the same path can fundamentally be attributed to the bosonic
nature of photons.
Two-photon interference is usually shown using coincident de-
tections of the two photons, where a temporal distinguishabil-
ity between them is introduced by changing the input delay of
one photon. A common way to quantify the quality of this in-
terference is evaluating the change in these coincidences while
scanning the delay with a visibility V = Rcl−RquRcl ∈ [0,1]20,
which compares the classically expected rate Rcl to the one
observed experimentally due to the quantum interference Rqu
(see Methods for more details).
In our experiment, instead of using a beamsplitter acting on
the path DOF of the photons, we use a 2D-multiport that is
directly acting on two transverse-spatial modes. In contrast
to previous quantum interference measurements, where spa-
tial mode structures served as a condition for observing two-
photon interference between optical paths23–25, our scheme al-
lows HOM-interference to happen solely in the spatial modes
of the photons. Although our scheme is able to perform the
transformation for any combination of spatial modes, we are
only using the azimuthal degree of freedom connected to
the orbital angular momentum (OAM) quantum number of
the photons26. To study the HOM-interference between two
spatial modes, we prepare the photons in orthogonal OAM-
modes, one photon with `=+1 and the second having `=−1.
We denote these LG-mode Fock-states as |n〉`, where n is the
photon number and the subscript labels the OAM value. We
further define the creation operator aˆ†` for a mode carrying `
quanta of OAM (in path a), such that we can write our input
state as aˆ†−1aˆ
†
+1 |0〉−1 |0〉+1 = |1〉−1 |1〉+1 = |1,1〉. To achieve
the spatial mode HOM-interference, the unitary performed
by the 2D-multiport now “splits” (transforms) the two input
modes into two equally weighted superpositions, i.e.
Uˆ2 =
1√
2
[
1 −1
1 1
]
. (1)
When we input the photons in the state |1,1〉 into this ”mode-
splitter” (spatial mode analogue to a beamsplitter), we obtain
the state
|Ψ2D〉=Uˆ2 |1,1〉
=Uˆ2aˆ
†
−1aˆ
†
+1 |0,0〉
=
1
2
(
aˆ†−1aˆ
†
−1+ aˆ
†
−1aˆ
†
+1− aˆ†+1aˆ†−1− aˆ†+1aˆ†+1
)
|0,0〉 .
(2)
If the two photons are perfectly indistinguishable in polariza-
tion, time, as well as path, the two middle terms destructively
interfere such that we obtain the final state
|Ψ2D〉= 1√
2
(|0,2〉− |2,0〉) . (3)
We see, that both photons leave the multiport either with
`=+1 or with `=−1, as depicted in figure 1b. Projecting
this bi-photon state onto a state where the two photons have
orthogonal spatial modes, i.e. a measurement corresponding
to the projection operator Pˆ+1−1 = |1〉−1 |1〉+1 〈1|−1 〈1|+1 =
|1,1〉〈1,1|, one should not be able to detect any coincidence
counts. When simultaneously scanning the delay between the
photons, i.e. by varying the temporal distinguishability, the
measurements results in a dip in coincidences, identical to
a classic HOM-dip. The key difference in the spatial mode
case is that the two photons propagate in the same beam-line
throughout the whole process, instead of physically separated
paths.
Although this effect is comparable to two-photon interference
in polarization along a single path, when using a half-wave
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Figure 2. Sketch of the setup. Photon pairs are first generated by pumping a nonlinear crystal (ppKTP). At the source,
one photon’s path can be adjusted using a delay line. After filtering the photon spatial modes through single-mode fibers
(SMF), they are individually imprinted21 with a spatial mode structure using the first spatial light modulator (SLM1).
They are then probabilistically overlapped with a beamsplitter and redirected into the multiport implemented through
three consecutive phase modulations on SLM2. The insets show the utilized phase modulations (color code as in Fig. 1)
for a 2D-modesplitter between OAM modes with `=±1. After the transformation, the photons are probabilistically split
by another beamsplitter and their spatial mode correlations are measured, using two independent spatial mode projections,
implemented by SLM3 and two SMFs22, in conjunction with single-photon detectors and a coincidence counter.
plate10, the great benefit of using spatial modes is the much
larger state-space. Instead of just two, spatial modes have an
infinite set of input and output modes available, as sketched in
figure 1c. Thus, the high-dimensional nature of spatial modes
allows for more complex unitary transformations and offers
a pathway to building single-path linear optical networks.
Since generating and measuring photons with any spatial
mode structure can nowadays be easily achieved via mature
techniques21, 22, the missing tool is a flexible implementation
of a spatial mode multiport.
Experimental implementation
In the experiment, we generate photon pairs using a spon-
taneous parametric downconversion source, with which we
obtain an initial HOM-visibility of 97.7% ± 0.4% when in-
terfering both in a fiber beamsplitter (for more details see
Methods and the Supplementary). Note that for all visibility
values given throughout the article, the errors denote a 95%
confidence interval, which is calculated from the fit to the
data.
The photons are then brought to the second part of our setup,
where we perform the spatial mode manipulation. A simpli-
fied sketch of the whole setup is shown in figure 2. We first
imprint the desired spatial modes onto our photons. Note that
the main loss of our scheme, around 94−99% loss per photon,
is due to this amplitude and phase modulation technique21
that guarantees the best mode quality. However, there are loss-
less schemes27, only requiring a slightly more complicated
generation setup. After imprinting the modes, the two photons
are overlapped probabilistically with a balanced beamsplitter.
All of the input spatial modes are chosen to be orthogonal in
order to avoid any interference in the combining beamsplitter.
After the photons have been overlapped, they are input into
the multiport, i.e. an MPLC setup, that we use to implement
any unitary operation on the bi-photon state. See figure 2 for
more details. The three phase modulations in the MPLC setup
that define each unitary, are generated using free-space wave-
front matching (WFM), which is described in more detail in
the Supplementary and in earlier works14, 28. Note that the ob-
tained transformation for OAM-modes `=±1 resembles two
rotated cylindrical lenses that should be able to perform the
same task29. The simulated evolution of the photon’s struc-
ture for the 2d-transformation as well as all utilized phase
modulations are displayed in the Supplementary. After the
two-photon state has been transformed through the multiport,
a projective measurement is performed on the bi-photon state
(figure 2 and Methods). As an end result, the signal from
two detectors is fed into a time tagging unit, which registers
coincident detections through temporal correlations.
For the 2D-modesplitter, when projecting the photons on
orthogonal modes, i.e. using Pˆ+1−1, we obtain a HOM-
interference dip with a visibility of 88% ± 7.4%, that is well
above the classical limit of 0.530 and is shown in figure 3a.
Another way of showing the bunching of the two photons is by
projecting both onto the same state, i.e. Pˆ+1+1 = |0,2〉〈0,2|
which, in our setup, only requires displaying a different holo-
gram for one of the projective measurements on SLM3. By
doing so, we observe an increase in coincidences, i.e. a HOM-
bump, with a visibility 90.9%±8.7% (also shown in figure
3a). Thus, these measurements confirm the observation of the
first two-photon interference in the spatial mode degree of
freedom, along a single beam path.
We then take advantage of a particular benefit of spatial modes
and study the interference when generating and detecting su-
perposition states, a task that is usually very hard to implement
in other degrees of freedom. At first, we keep the photons in
the same input state |Ψ〉= |1,1〉, but project them onto orthog-
onal states of the two other mutually unbiased bases (MUB),
after the transformation. We define the states spanning the
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Figure 3. Two-photon bunching in a two-dimensional modesplitter. Laguerre-Gauss modes with `=±1 are used to
perform the beamsplitter-like unitary transformation (see equation (1)). Insets show the input modes of both photons
(lower left) and legends depict their projected modes (upper right). a) HOM-bunching when both photons are projected
onto orthogonal (blue circles) or identical modes (orange squares), leading to a dip or a bump in the registered
coincidence counts, respectively. b) Keeping the same input but projecting on orthogonal states of the other two MUBs
leads to a similar dip in coincidence counts (blue circles) for the second MUB and no interference for the third MUB
(orange squares). c) Using the same projections as in a), but inputting both photons in the second MUB also results in
HOM-like interferences. See main text for visibility values and the definitions of states. Data is corrected for accidental
detections and fluctuations in the single-photon counts. Error-bars are standard errors calculated from multiple
consecutive measurements and the curves are fits.
second MUB as
∣∣ΨD/A〉 = 1√2 (|1,0〉± i |0,1〉) and the ones
from the third MUB as
∣∣ΨH/V 〉 = 1√2 (|1,0〉± |0,1〉). The
subscripts D/A and H/V refer to diagonal/anti-diagonal and
horizontal/vertical in reference to the polarization MUBs and
their resemblance to the obtained mode structures (see insets
in Fig. 3 b) and c)). When projecting the photons onto the
states of the second MUB (D/A), we find a similar HOM-dip
as before with a slightly reduced visibility of 86% ± 12%.
However, when projecting both photons on to the third MUB
(H/V), no bunching is observed as both photons are trans-
formed through the multiport into the eigenstates of this basis,
which means that there is no interference. Both measurements
can be seen in Fig. 3 b). We then investigate the interference
if the photons are input in a superposition state into the system
while measuring them in the OAM-mode basis. Fundamen-
tally, it should be irrelevant if we generate the photons in
orthogonal OAM states and project onto different superpo-
sitions or if we generate the superpositions and project onto
the OAM states since the process should be reversible. To
show this, we prepare the photons in the states |ΨA〉 and |ΨD〉
and repeat the projection measurements Pˆ+1−1 and Pˆ+1+1. As
expected, the results are similar to the ones shown in figure
3a), with visibilities 84% ± 8% and 94% ± 19%, for the dip
and the bump, respectively, as can be seen in 3c).
Before moving on to more complex, high-dimensional in-
terference phenomena, and showing the flexibility of the
multiport itself, we study the output state shown in equation
(3). This state is a so-called NOON-state, which is a desir-
able state for quantum metrology tasks due to its increased
phase sensitivity31. By rewriting the state in the OAM ba-
sis, instead of the Fock-state basis, we obtain |Ψ2D,OAM〉 =
1√
2
(|−1,−1〉− |+1,+1〉), which corresponds to a qubit en-
tangled state. To confirm the generated quantum entangle-
ment, after post-selecting on photons in two separate paths
(after the second beamsplitter), we performed an entangle-
ment witness test. The witness enables verifications of non-
separability if the sum of the visibilities measured in at least
two MUBs is larger than 132–34. From our measurements in
all three MUBs, we obtain a witness value of w= 2.2±0.1,
which is more than 11 standard deviations above the clas-
sical limit (see Supplementary for details). Thus, we have
experimentally verified that the 2D-multiport is able to gen-
erate post-selected entanglement between two spatial modes,
which can be custom-tailored through simple adjustment of
the two-dimensional modesplitter.
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Figure 4. Two-photon bunching in a three-dimensional multiport. As the basis, we used the OAM mode set consisting
of modes with `= 0,±1. Insets and legends are defined as in figure 1. All lines correspond to ideal curves based on the
theoretical visibilities and the bi-photon properties measured from the source (see Supplementary material). If the two
photons are sent into the unitary in orthogonal states, interference leads to coalescence in the same mode, made visible by
observing a dip when projecting onto orthogonal modes (a) or a bump when measuring identical modes (b). When
changing the input modes to two orthogonal superposition modes (states of another mutually unbiased basis) a similar
bunching is found (c). See main text for visibility values and the Supplementary for a definition of the states.
Three-dimensional multiports
We then take advantage of the full capability of our scheme
and scale our state-space to larger dimensions, i.e. study
two-photon interferences in high-dimensional multiports. At
first, we choose a spatial mode state-space of dimension three,
consisting of LG-modes with OAM = −1,0+1. The unitary,
again implemented using only three phase modulations planes,
is
Uˆ3 =
1√
3
1 ei
4pi
3 ei
2pi
3
1 ei
2pi
3 ei
4pi
3
1 1 1
 , (4)
where the first, second, and third columns correspond to OAM
= -1,0, and +1, respectively. If the two photons are input
in any pair of two orthogonal input states, various quantum
interference effects can be measured. For example, if we
choose the same initial input state as before, now written
as |Ψ〉 = |1〉−1 |0〉0 |1〉+1 = |1,0,1〉, we can obtain different
interference curves between the photons in different output
modes (see Supplementary for output state). By measuring
correlations using the projector Pˆ+1−1, a HOM-dip with a
maximum visibility of 0.5 can be observed. The same re-
sult is achieved when projecting on other combinations of
orthogonal modes, i.e. Pˆ+10 or Pˆ0−1. The results of these
measurements, together with theoretically expected curves,
are shown in figure 4a). We are able to measure visibilities
of 39.7% ± 5.7%, 49.3% ± 6%, and 38.3%±5.6%, which
are in good agreement with the theoretical predictions. Sim-
ilarly to the two-dimensional case, if one instead projects
both photons onto the same mode with Pˆ+1+1, Pˆ00, or Pˆ−1−1,
the result is a two-fold increase in coincidences. In figure
4b), the measurement results and theoretical curve are shown
for these projections, which lead to interference bumps with
visibilities 84% ± 11%, 76.2% ± 9.3%, and 95% ± 14%,
respectively. The results are well above the 50% threshold
and the differences in visibilities are likely due to small mis-
alignments, as well as imperfections in the unitary and mode
generation. As we only use three phase-manipulation planes,
and the transformations become more complex for a larger
number of modes, our 3D-multiport transformations are not
perfect. In addition, more complex phase modulations suf-
fer more from small deviations and mechanical drifts in the
alignment.
Similar to the 2D-case, one can also send photons into the
device, in states of different MUBs. Again, this task is com-
parably easy to implement in our scheme, such that we are
able to prepare photons in complex, separable superposition
states (see inset in figure 4 and Supplementary). With MUB
inputs, we again measure coincidences when projecting on a
set of orthogonal and a set of identical OAM-modes. The mea-
surement results, and theoretical predictions, are displayed
in figure 4c). We obtained visibilities of 54.1% ± 9% and
78.4% ± 23% when projecting on Pˆ+1−1 and Pˆ+1+1, respec-
tively. Thus, we see that as with the 2D-transformation, pho-
tons in states of different 3D MUBs behave similarly to the
computational basis modes.
The last and most interesting phenomena we studied for three-
dimensional multiports, was photon anti-coalescence, i.e. an
increase in coincidences when projecting the bi-photon state
onto two orthogonal spatial modes. If we compare this to two-
photon interference between paths, it would correspond to
the coincidence rate increasing when measuring coincidences
between two separate paths, while still having a separable state
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Figure 5. Two-photon anti-coalescence in a
three-dimensional multiport. The basis is spanned by
the OAM modes `= 0,±1. Insets and legends are
defined as in figure 1. Lines correspond to ideal curves
and the data points are measured coincidence counts. a)
Anti-coalescence or bunching in a 3D-multiport can be
observed if the input photons are prepared in
orthogonal, unbalanced superpositions of the basis
modes (see insets and exact states given in the
Supplementary), and projected on a specific set of
orthogonal modes of the computational basis. b) The
same effect can be obtained if the photons are input and
measured in the computational basis, but the unitary
transformation is changed, i.e. rotated as described in
the Supplementary. See main text for visibility values.
as an input. Using the same unitary as before (see equation(4)),
but preparing the two input photons in unbalanced orthogonal
superpositions (see Supplementary for more details), gives
a two-fold increase in coincidences when using the Pˆ+10-
projection. In our setup we are able to obtain such an anti-
coalescence bump with a visibility of 72% ± 15%, as can be
seen in figure 5a). In contrast, measuring the output photons
in another two-mode combination, i.e. Pˆ+1−1, results in a
coalescence-dip, which we were able to verify with a visibility
of 84.2% ± 8.8% (see figure 5a).
The anti-coalescence is a result of our ability to tune the rela-
tive phases between different output channels, by rotating the
input states into any arbitrary superposition. The same type of
anti-coalescence can also be achieved for a lossy beamsplit-
ter35, as well as an imperfect tritter36. Intuitively, this means
that we should also observe anti-coalescence if we translate
the asymmetry of our input state into the unitary while keep-
ing our input state in the computational basis. As we can
program our multiport to perform any unitary operation, we
are able to demonstrate this by, again, using |1,0,1〉 as the
input state, switching to a rotated unitary (see Supplementary
for more information), and projecting the output on the states
Pˆ+1−1. When doing so we observe clear anti-coalescence with
a visibility of 77% ± 12%. As before, a projection onto a
different orthogonal mode pair, Pˆ−10, leads to a HOM-dip,
for which we measure a visibility of 94.9% ± 7.9%. Both
the anti-coalescence and coalescence, are shown in figure 5b).
Note, that the anti-coalescence in the presented measurements
is seen with different projections in figure 5a) and5b) (see
Supplementary for more information).
Four-dimensional multiports
In the final set of measurements, we investigate how the in-
ternal phases of our balanced splitter-unitary can be used to
control the two-photon interference. Starting with dimensions
larger than three, some phase terms can be adjusted while
conserving the unitarity of a balanced multiport. These phase
changes lead to dramatic alterations in the output statistics of
the bi-photon state36. The basis states with which we show
this effect, and implement the 4D-multiport, are the OAM
modes with `=±2,±1. Our unitary of choice is
Uˆ4 =
1
2

1 1 1 1
1 eiϕ −1 −eiϕ
1 −1 1 −1
1 −eiϕ −1 eiϕ
 , (5)
where ϕ corresponds to the adjustable phase and can range
from [0,2pi]. For our measurements, we choose the val-
ues ϕ =
{
0, pi2 ,pi
}
, which show the largest difference in the
two-photon output signal, i.e. a HOM-dip, no interference,
and a HOM-bump, respectively. As the input state, we use
|Ψ〉= |0〉−2 |1〉−1 |1〉+1 |0〉+2 = |0,1,1,0〉 and the projection
is performed on the same state, i.e. using Pˆ−1+1. In our mea-
surements (shown in figure 6) we obtained a HOM-like bump
with a visibility of 75% ± 12 % for ϕ = 0. We further didn’t
register any significant interference for ϕ = pi2 , leading to a
fitted visibility of 11% ± 22%, and observed a HOM-like dip
with a visibility of 63% ± 13% for ϕ = pi . While not being
perfect, the obtained visibilities are above the classical limit,
with at least 95% confidence.
As mentioned previously, increasing the dimensionality of the
state-space leads to more complex phase modulations in the
MPLC. For the three transformations in our four-dimensional
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Figure 6. Control of two-photon interferences in a
four-dimensional multiport. By changing the internal
phases ϕ ∈ [0,2pi] in the balanced four-dimensional
unitary, equation (5), it is possible to switch between
coalescence (green triangles), no interference (orange
squares), and anti-coalescence (blue circles) while
keeping the input and output modes the same.
state-space, the efficiency of the transformations, predicted by
simulations, decreased to 65%−75% from almost a perfect
efficiency in the two-dimensional case. Additionally, these
non-optimal transformations also affect the quality of the
modes by producing slightly uneven superpositions. Thus, the
experimentally obtained results are degraded by the technical
limitations of our setup. Although the multiport could be
implemented using a larger number of phase modulations on
a single SLM14, 28, we refrained from doing so in this first
demonstration due to the additional losses induced by every
SLM reflection.
Outlook
Having demonstrated that re-configurable spatial mode multi-
ports, implemented through MPLC, can be used in the quan-
tum domain, a multitude of novel research avenues and new
quantum photonic applications will become accessible. The
current limitation of our experimental scheme is the lossy
method we used for generating the spatial modes21 and the
limited efficiency of our SLMs (75% efficiency per reflec-
tion), that leads to a limited number of phase modulation
planes. However, these limitations are only of technical na-
ture and can be tackled in the future through the use of high-
quality deformable mirrors and lossless methods of generat-
ing and detecting structured photons27. Because our scheme
is intrinsically stable and can be fully automized14, scaling
to large mode numbers, i.e. the realization of large linear
optical networks along a single path, seems feasible. The
well-controlled two-photon interference can be applied to
the generation of custom-tailored NOON states of spatial
modes, to studying complex quantum walks within the spatial
mode set37, the use of multiports in implementing photonic
quantum processors13, 38, or simplifying fundamental research
endeavours such a high-dimensional multi-partite entangle-
ment39. Finally, the simplicity of our scheme, together with a
achievable high efficiency, shows promise for application in
complex quantum operations that can benefit from the high-
dimensional state-space and the use of more than two photons,
such as high-dimensional quantum teleportation40 or Boson
sampling41.
Methods
Photon pair source: The photon pairs are created in a 12 mm
type 0 ppKTP crystal that we pump with a narrow band
405 nm laser to achieve spontaneous parametric downcon-
version. Our pump laser power varied between 40mW and
70mW. Due to the degradation of our laser and it’s output
spatial mode, the source output varied between 24 to 40 mil-
lion single photons with a coincidence to singles ratio of 6
to 15 %. The photons were split using their momentum anti-
correlations, by inserting a 2f-system, that sends each half
of the pair into opposite sides of the Fourier-plane, where a
D-shaped mirror is put in half of the beam to reflect only one
photon (see figure 2). The produced photon pairs are degen-
erate at 810 nm and we filter them with a 10nm bandpass
filter, that has a square wavelength profile, before coupling
them into single-mode fibers. The source also includes an
adjustable delay line for one of the photons, that we can use to
control the temporal indistinguishability of the photon pairs.
From the bi-photon spectrum, we expect roughly a sinc-like
HOM-interference profile when the temporal overlap is the
degree of freedom being scanned42. However, due to spectral
filtering, when coupling the photons into single-mode fibers,
and due to multiple blazed gratings along the whole beam-line,
we expect a slight change in the spectral profile of the photons
which we model as a Gaussian attenuation. Thus, the curve
we fit to all of our data was
Rc = Rcl
(
1±V sinc(d1∆t)exp
(−(d2∆t)2))+S∆t, (6)
where d1 and d2 are constants that depend on the spectral
profile of the photons, S is a slope that takes into account any
linear decoupling in the scanning processes, Rcl is the classi-
cally expected coincidence rate, ∆t is the time delay between
the photons and V is the visibility.
Mode generation: In our setup we generate the separable
bi-photon spatial mode state using an amplitude and phase
modulating hologram on SLM1, for each photon. This holo-
gram is able to generate any complex spatial mode structure
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by carving out the required amplitude shape and imprinting
the corresponding phase pattern21. However, as described in
the main text, this modulation method induces a lot of losses
if used to generate the best possible spatial modes. In addition,
due to the carving process, the losses depend on the size of
the mode structure, i.e. the smaller the mode structure the
larger the losses.
Mode manipulation: The multi-plane light conversion
(MPLC) was realized by three consecutive phase modula-
tions with, in our case, a propagation of 0.8 m between each
of the modulations. The free-space propagation is required
to enable a lossless amplitude alteration through phase mod-
ulations only. In the Supplementary, we show the simulated
beam evolution for each input beam in the case of the unitary
(1) and the input modes with OAM ` = ±1. The required
phases are found using the technique of wavefront matching,
which is explained in more detail in the Supplementary and
also in earlier works14, 27, 28.
Mode measurement: Our spatial mode measurements start
by probabilistically splitting the two photons with a balanced
beamsplitter, which successfully splits the photons with a
50% probability. Then, the spatial modes of both photons
are measured individually through phase-flattening holograms
and single-mode fibers (SMF)22. In this measurement scheme,
the holograms flatten the phase-structure of a specific spatial
mode. As the SMF only efficiently couples photons that have
a flat phase, the combination of a flattening hologram and an
SMF acts as a spatial mode filter. The complete bi-photon
state is then measured by performing the above described
projective measurements simultaneously on each of the two
photons, and detecting both photons with two avalanche photo-
diode detectors while correlating the measurements recorded
within a coincidence window of 1 ns through a time tagging
unit.
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Wavefront matching
Wavefront matching is the computerized optimization algo-
rithm that created each set of phase modulations that we use as
our multiports. In a simplified picture, this optimization takes
a set of input modes, and the corresponding output modes we
want to convert the input modes into. The protocol then sim-
ulates propagation, of each input mode, through the MPLC
system (where initially the phase elements are blank). The
same simulation is also done backwards through the system
for the desired output modes. After these simulations, the
overlap between each backwards propagated output mode and
the corresponding forwards propagated input mode is calcu-
lated at the position of one phase element. These overlaps
at the phase element are then used to create a structure for
the phase element, in such a way that the differences between
the input and output mode are minimized at this plane. (For
a more detailed description of this optimization algorithm,
and optimization function, see the original free-space WFM
article1, or one of our previous articles2, 3). After the structure
of this phase screen has been optimized once, we update the
propagation simulations and update the next phase element
similarly. This process is then repeated for each phase element
in the system, sequentially. The whole procedure can be re-
peated multiple times for all phase elements until a sufficient
quality is achieved. For our devices, we performed around
100 repetitions to obtain sufficiently good transformations.
We also included multiple wavelengths into the same opti-
mization algorithm, in order to achieve a good quality of the
transformations for our photon pairs with a wide bandwidth.
An example of our wavefront matching code can be found
online4. Even though this specific code works for only one
mode at a time, it can be easily scaled to multi-mode oper-
ations. All of the phase modulation screens we used in the
main article are displayed in figure S1. As an example, the
transformation performed by our two-dimensional unitary is
shown in figure S2.
Photon pair source visibility
We measured the quality of our photon pair source in a reg-
ular HOM-interference experiment, where we combined our
two photons in a fiber beamsplitter. When scanning the tem-
poral delay between the photons, we achieved a HOM-dip
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Figure S1. All of the phase-modulation screens from
the transformations we used, and the corresponding
unitaries. The unitaries are displayed in the order they
appear in the main article.
with a visibility of 97.7%±0.4% (95% confidence interval).
To achieve this visibility, we have removed the accidental
coincident detections that we calculate with
Acc= S1 ∗S2 ∗ twindow (s1)
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Figure S2. Transformation showing how both OAM-modes (from the two-dimensional state space) are transformed into
an equal superposition of the same two modes. The displayed transformation corresponds to the unitary Uˆ2. The output
modes in this particular case correspond to the first order Hermite-Gaussian modes. The slight variations in the phase
modulation screens, when comparing to the displayed transformation in figure S1 (used in experiments), are due to minor
differences in the parameters used for WFM.
S1 and S2 are the measured single-photon rates and the coinci-
dence window twindow was 1ns. The initial HOM-dip can be
seen in figure S3.
With the initial HOM-dip, we see a decrease in photon rates
in the corresponding single-photon data. A decrease in single-
photon events, which is 50% of the decrease in coincidence
events, is expected with our single-photon detectors that are
not photon-number resolving. This decrease stems from the
increased number of |2〉 Fock-states in each arm when the
photon pairs start bunching. Since these |2〉-states are divided
evenly between the two outputs, one observes a reduction in
the single-photon rates in both arms, that is 50% of the reduc-
tion in coincidence counts. When fitting the same interference
function into our single-photon data, we noticed a decrease
in single-photon detections that was 56.8% of the decrease in
coincidence detections. The remaining 6.8% are assumed to
be due to the dead time of our detectors.
Processing of the experimental data
As we referred to in the main article, each interference mea-
surement was corrected for accidental detections using equa-
tion (s1). We also corrected some effects caused by decou-
pling or degradation of our source. These effects manifested
as a decrease in single-photon rates over time. One example
can be seen in the raw data presented in figure S4. The figure
displays the raw data along with the singles corresponding to
the first HOM-dip we showed in the main article. Since we
scanned our delay stage backwards, the decoupling emerges
as a linear increase in the single-photon events. We corrected
for this effect by taking the average single-photon rate over the
whole scan and the percentile change in single-photon events
at each position. We used these percentage values to correct
for the small linear decoupling in our measured data.
In addition to this small change in single-photon detections,
figure S4 shows the measured coincidence and single-photon
rates, and the corresponding accidental rates.
Entanglement Witness
For our entanglement witness measurement, we measured
coincidences at roughly zero delay for 12 different measure-
ment combinations. The input states were OAM modes with
` = ±1, for all measurements, and the unitary was the two-
dimensional unitary Uˆ2 we introduced in the main article. For
the projections, we measured all four permutations of the
`=±1 OAM-modes on the bi-photon state, in addition to the
4+4 permutations in the two other MUBs that were introduced
in the main article. From these measurements we calculated
the entanglement witness value w, which is5–7
w= | 〈σˆx⊗ σˆx〉 |+ |
〈
σˆy⊗ σˆy
〉 |+ | 〈σˆz⊗ σˆz〉 |. (s2)
This value simplifies to 3 visibilities in the three available
MUBs, and the witness is a sum of these three visibili-
ties.
Three-dimensional states and uni-
taries
For the initial input state |1,0,1〉 into our three-dimensional
unitary Uˆ3, the theoretical output state was
|Ψ3D,1〉=13 (e
i 4pi3
√
2 |2,0,0〉+ ei 2pi3
√
2 |0,2,0〉+
√
2 |0,0,2〉
−|1,1,0〉+ ei 5pi3 |1,0,1〉+ ei pi3 |0,1,1〉).
(s3)
2
From this equation one can see that for these computational
basis inputs, no term completely vanishes from the state. In
other words, the visibility in a bunching experiment using
orthogonal output modes is limited to 50%, as we also ob-
served in the measurement shown in figure 4a) in the main
text.
For the MUB measurements in the three-dimensional state
space (measurements shown in figure 4c) in the main text),
we used input modes defined by the states
|ΨMUB2,2〉= 1√
3
(
ei
2pi
3 |1〉−1+ ei
4pi
3 |1〉0+ |1〉+1
)
and
|ΨMUB2,3〉= 1√
3
(
ei
2pi
3 |1〉−1+ |1〉0+ ei
4pi
3 |1〉+1
)
,
(s4)
where the subscripts refer to the OAM value of the correspond-
ing modes. Similar to before, bi-photon interference leads to
bunching of photons with a visibility up to 50%.
To observe anti-coalescence in the same Uˆ3 unitary, we used
the unbalanced superposition states
|ΨA1〉= 1
2
√
3
[(
√
2+1) |1〉−1+(
√
2+1) |1〉0+
(
√
2−2) |1〉+1]
|ΨA2〉= 1
2
√
3
[(
√
2−1) |1〉−1+(
√
2−1) |1〉0+
(
√
2+2) |1〉+1].
(s5)
Here, it can be seen that |ΨA1〉 is close to a two-mode superpo-
sition and |ΨA2〉 is almost a pure `=+1 OAM-state.
To observe anti-coalescence using pure OAM input states, we
used the rotated unitary
UˆRot+3 = Uˆ3Rˆ3,
Rˆ3 =
1
2
√
3

√
2+1
√
2−1 −2
√
3
2√
2−2 √2+2 0√
2+1
√
2−1 2
√
3
2
 , (s6)
where Rˆ3 is the rotation unitary derived from the superposition
modes shown in equation (s5). As OAM modes are generated
more efficiently compared to Gaussian modes, when using
the amplitude and phase modulation technique, we adjusted
the unitary in our experiment to be able to use OAM ` =
±1 states. Mathematically this means that we exchange the
last two columns of our unitary UˆRot+3. Similarly, we could
have also kept the unitary but changed our basis state space
to |`=−1, `=+1, `= 0〉 instead of |`=−1, `= 0, `=+1〉.
While this change does not lead to any significant differences,
it led to the observation of the anti-coalescence with a different
projection measurement, as can be seen in figure 5 in the main
text.
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Figure S3. HOM measurement characterizing our
photon pair source. The measurement was done by
sending the pairs through a 50/50 fiber beamsplitter.
The visibility of the recorded HOM-dip was
97.7%±0.4%. Accidental coincidences have been
removed from the data. The dip was measured with
lower power (approx. 1.5 mW) due to the finite dead
time of our detectors. In the second plot, we show the
corresponding single-photon rates. We see a decrease in
single-photon detections at 0 delay due to the increase
in |2〉 Fock-states, that our single-photon detectors
register as single-photon detections.
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Figure S4. Example of the raw data measured for
HOM-interference between two spatial modes. This
data is the same as the one displayed in figure 3a) of our
main article. The standard errors were calculated from
five repetitions of the measurement.
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